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R ésumé 1 
Introduction 2 
Le neurofeedback consiste à mesurerL chez un sujetL une activité cérébrale et à traiter le signal 3 
au moyen d’une interface technique afin d’en extraire un paramè tre d’intérê t qui sera présenté 4 
en temps réel au participant sous la forme d’une information visuelle ou auditiveN L’objectif 5 
est d’apprendre au sujet à modifier ce paramè tre et donc à moduler son activité cérébrale et 6 
cognitiveN CependantL lGutilisation du neurofeedback en pratique clinique pour la prise en 7 
charge des troubles psychiatriques reste controverséeN 8 
Méthode 9 
Cet article présente une synthè se de la Q
è re
 journée nationale sur le neurofeedback organisé par 10 
la section NExT HNeurofeedback Evaluation F TrainingI de l’Association française de 11 
psychiatrie biologique et de neuropharmacologie HAFPBNIN Un état des lieux de l’utilisation 12 
du neurofeedback en électroencéphalographie HEEGI et en imagerie par résonance 13 
magnétique fonctionnelle HIRMfI est proposéN Pour intégrer lGarsenal thérapeutiqueL cette 14 
technique doit en effet répondre aux exigences de l’evidence based medicineN 15 
R ésultats 16 
Les études montrent une efficacité probable du neurofeedback en EEG pour le trouble du 17 
déficit de lGattention O hyperactivité HTDAHI chez les enfantsN Pour les autres troubles 18 
psychiatriquesL le nombre d’études est encore trop limité pour se positionnerN En ce qui 19 
concerne le neurofeedback en IRMfL le niveau de preuve resteL pour l’heureL trop faible pour 20 
justifier une utilisation cliniqueN Les modalités d’emploi du neurofeedbackL notamment en ce 21 
qui concerne les indications médicalesL les protocoles d’utilisation HactivitéHsI cérébraleHsI 22 
cibléeHsIL caractéristiques dGapprentissageI et les outils de mesure employés HEEGL IRMfL 23 
mode de traitement du signalI restent donc à clarifierN  24 
Conclusion 25 
Le vaste champ de recherche du neurofeedback implique à la fois des psychiatresL des 26 
neurophysiologistes et des chercheurs du domaine des interfaces cerveauxMordinateursN Les 27 
futurs travaux devront s’attacher à déterminer les critè res permettant d’optimiser les séances 28 
de neurofeedback afin de mieux comprendre ses effetsL le tout dans l’optique d’une utilisation 29 
en pratique clinique dans certaines indicationsN L’étude des processus d’apprentissage 30 
constitue un élément clé autour duquel les futures recherches devront se focaliserN  31 
Mots clefs 32 
Neurofeedback ; É lectroencéphalographie ; imagerie fonctionnelle par résonance magnétique 33 
en temps réel ; Troubles psychiatriques 34 
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Abstract 1 
Objectives 2 
Neurofeedback is a technique that aims to teach a subject to regulate a brain parameter 3 
measured by a technical interface to modulate hisOher related brain and cognitive activitiesN 4 
HoweverL the use of neurofeedback as a therapeutic tool for psychiatric disorders remains 5 
controversialN The aim of this review is to summarize and to comment the level of evidence of 6 
electroencephalogram HEEGI neurofeedback and realMtime functional magnetic resonance 7 
imaging HfMRII neurofeedback for therapeutic application in psychiatryN 8 
Method 9 
L iterature on neurofeedback and mental disorders but also on Brain Computer Interfaces 10 
HBCII used in the field of neurocognitive science has been considered by the group of expert 11 
of the NExT HNeurofeedback Evaluation F TrainingI section of the French Association of 12 
Biological Psychiatry and Neuropsychopharmacology HAFPBNIN 13 
R esults 14 
Results show a potential efficacy of EEGMneurofeedback in the treatment of attentionalM15 
deficitOhyperactivity disorder HADHDI in childrenL even if this is still debatedN For other 16 
mental disordersL there is too limited research to warrant the use of EEGMneurofeedback in 17 
clinical practiceN Regarding fMRIMneurofeedbackL the level of evidence remains too weakL for 18 
nowL to justify clinical useN The literature review highlights various unclear pointsL such as 19 
indications Hpsychiatric disordersL pathophysiologic rationaleIL protocols Hbrain signals 20 
targetedL learning characteristicsIL and techniques HEEGL fMRIL signal processingIN  21 
Conclusion 22 
The field of neurofeedback involves psychiatristsL neurophysiologists and researchers in the 23 
field of brainMcomputerMinterfacesN Future studies should determine the criteria for optimizing 24 
neurofeedback sessionsN A  better understanding of the learning processes underpinning 25 
neurofeedback could be a key element to develop the use of this technique in clinical practiceN    26 
 27 
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Q Introduction  1 
Neurofeedback can be considered as a biofeedback technique HiNeN a technique which consists 2 
in measuring a physiological activity using a technical interface to extract a parameter of 3 
interest; this parameter is then presented in realMtime to the participantL typically via visual or 4 
auditory feedback [Q]; the goal is to teach the subject to modify the parameterIN When the 5 
physiological activity is a brain activityL biofeedback is called neurofeedbackN ThusL 6 
neurofeedback allows the subject to voluntary modulate hisOher related brain and cognitive 7 
activities [QL R]Hsee F igure QIN 8 
The first observation of neurofeedbackL was based on the classical conditioning principles 9 
applied to the electroencephalogram HEEGIN Classical conditioning involves learning new 10 
behaviors through the process of associationN Neurofeedback originates from the QYSPs based 11 
on the work of Gustave Durup and Alfred FessardL who were two emblematic figures of 12 
psychophysiology and neurophysiology in FranceN They observed that brain activity Halpha 13 
blocking responseI could be modified according to the classical conditioning principles HiNeN 14 
to develop an association between an EEG activity Halpha blocking responseIL a behavior and 15 
cognitive responseL and a signal of feedback [S]N In QYTQL J asper F Shagass published the first 16 
systematic study that investigated classical conditioning of EEG [T]N Subsequent studies in the 17 
QYVPs confirmed that alpha blocking could indeed be conditioned and related to some specific 18 
cognitive activities of the trained subject [U]N  19 
After a serious decline during the QYXPs and QYYPsL mainly due to the poor reliability of 20 
methods used for recording brain activityL the technique gained ground again in the early 21 
RPPPs with a renewed interest both in scientific and societal terms [V]N Thanks to the principle 22 
on which it is based and to the fertile dynamic nature of ongoing research in a range of 23 
clinicalL therapeutic and fundamental topicsL neurofeedback can be considered a technology of 24 
today [VL W]N HoweverL despite great interest in neurofeedback research [XMQP]L significant 25 
controversy existsL particularly in psychiatry and neurology [WL QQ]N With regard to the 26 
efficacy of neurofeedback in brain disordersL opinions within the scientific community appear 27 
to be rather sharply divided [WL YL QR] comprising an optimistic group who consider 28 
neurofeedback to be effective and a skeptical group who do neither assign scientific or 29 
therapeutic value to neurofeedback trainingN This article aims to review the evidence of EEG 30 
neurofeedback HEEG NFI and realMtime functional magnetic resonance imaging 31 
neurofeedback HfMRI NFI in psychiatric disordersN The advantages and pitfalls for each of 32 
both neurofeedback techniques are discussedL and new perspectives are highlightedN LastlyL 33 
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research on the learning process through the link between neurofeedback and brain computer 1 
interfaces HBCIsI is discussedN 2 
R E lectroencephalographic neurofeedback HE E GMNFI 3 
RNQ Level of E vidence 4 
Most trials on the efficacy of EEG neurofeedback in psychiatric disorders have significant 5 
methodological weaknesses Hin particularZ size of the population studiedL none randomized or 6 
none blinded protocolL inadequate control groupL low quality of the EEG neurofeedback 7 
sessionI [QS]N This point could explain the skepticism of many researchers and clinicians 8 
concerning the effectiveness of EEG neurofeedback to treat psychiatric disorders [QR]N 9 
HoweverL a number of studies have presented good methodological criteria Hstudies designed 10 
with controlledL randomizedL and open or blind protocolsL a primary endpoint related to the 11 
treated disorder and assessed using standardized measurement toolsL and an identifiable EEG 12 
neurophysiological targetI particularly in the field of attentionalMdeficitOhyperactivity disorder 13 
HADHDI [YL QRL QT]N 14 
RNQNQ AttentionalMDeficitOHyperactivity DisorderL the emblematic disorder 15 
Four metaManalyses discussed the therapeutic interest of EEG neurofeedback in ADHD [QUM16 
QX]N Computed effect size HESI in the metaManalyses can be considered as small between PNR 17 
and PNUL medium between PNU and PNX and large above PNXN The first metaManalysis conducted 18 
by Arns et alN HRPPYI found an effect size HESI that was more larger for the domain of 19 
inattention HES=PNXQL YUE CI=PNSYMQNRSI than for the domain of hyperactivity HES=PNSYL 20 
YUE CI=PNPUMPNWUI in ADHD [QV]N The second metaManalysis of SonugaMBarke et alN HRPQSI 21 
found a significant ES using parent ratings in randomized controlled trials HRCTsI HES=PNUYL 22 
YUE CI=PNSQMPNXWIL but this result was no longer significant HES=PNRYL YUE CI=MPNPRMPNVQL 23 
though trendL p=PNPWI when looking at “probably blinded” teacher ratings [QW]N The third 24 
metaManalysis of MicoulaudMFranchi et alN HRPQTI found an ES that was significantly higher 25 
than in the control group on “probably blinded” teacher ratings for the inattention dimension 26 
of ADHD in RCTs HES=PNSPL YUE CI=PNPSMPNUXI [QX]N The fourth metaManalysis of Cortese et 27 
al HRPQVI is the updated SonugaMBarke et alN metaManalysis and reported similar results 28 
HADHD total symptomsL ES=PNSUL YUE CI=PNQQMPNUY; inattentionL ES= PNSVL YUE CI= PNPYM29 
PNVS; hyperactivityOimpulsivityL ES=PNRVL YUE CI=PNPXMPNTS for parent ratingsL but non 30 
significant ES for “probably blinded” teacher ratingsI [QU]N HoweverL a subManalysis in this 31 
metaManalysis focused on standard neurofeedback protocols Hbased on the Arns et alN criteria 32 
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[QR]IL and for this subManalysis a significant ES for probably blinded ratings was found 1 
HADHD total symptoms ES=PNSUL YUE CI=PNPTMPNVYI [QR]N RCTs that have compared EEG 2 
neurofeedback with medication found that methylphenidate was not superior to EEG 3 
neurofeedback training [QYL RP]N In the study of Meisel et alN HRPQSIL significant preMpost 4 
academic performance improvements were obtained only in the neurofeedback group [QY]N 5 
HoweverL studies that added EEG neurofeedback to methylphenidate treatment did not report 6 
‘addMon’ improvements on clinical symptoms [RQL RR] or cognitive function [RS]N  7 
RNQNR Other psychiatric disorders 8 
There has been too limited research HiNeN lack of RCTs and independent replicationsI on the 9 
following indications to warrant its use in clinical practiceZ Depression [RT]L Addictions [RUL 10 
RV]L Anxiety disorders [RWL RX]N 11 
RNR Advantages and pitfalls of E E G neurofeedback  12 
Despite the metaManalyses presented beforeL the effectiveness of EEG neurofeedback in 13 
treating ADHD remains debated because of the studies that were included [QRL RYMST]N These 14 
choices warrant some explanationsN For exampleL in the metaManalysis of MicoulaudMFranchi 15 
et alN HRPQTIL the wellMcontrolledL randomized and blinded study conducted by Arnold et alN 16 
HRPQSI [SU] was not included because the EEG neurofeedback protocol was not based on the 17 
basic learning theory used in standard EEG neurofeedback protocols Hparticularly because of 18 
the type of reinforcement chosenI [Q]N MoreoverL the EEG recording was carried out using an 19 
unconventional setupL with electrodes placed on the foreheadL a region known to be 20 
problematic for recording because of muscular artefactsN The study by Arnold et alN thus 21 
highlights the need to avoid some pitfalls regarding technical issues of electrophysiology [SV] 22 
and technical issues of learning [QL SW] when a study on neurofeedback is conductedN In 23 
further support of this notion is the above reported result from the Cortese et alN HRPQVI metaM24 
analysisL who reported that when focusing on ‘standard neurofeedback protocols’ significant 25 
effects are found for both parent as well as teacher rated symptomsN Further emphasizing the 26 
need to evaluate neurofeedback not as a singular phenomenon Hneurofeedback as an umbrella 27 
term iNeN medicationI but evaluate it based on the specific protocol used Hspecific protocol iNeN 28 
antidepressantL psychostimulantI [QU]N These aspects are too rarely discussed in the debate of 29 
EEG neurofeedback efficacyN Considering the absence of a current consensus [QRL SXMTP]L 30 
these points will be crucial in the next years to gradually improve the practice of EEG 31 
neurofeedback in psychiatry [TQ]N  32 
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Two groups of technical issues can be identified in EEG neurofeedback protocolsZ iI 1 
electrophysiology because the practice of EEG neurofeedback requires high quality 2 
recordings of EEG signal [YL SV]; iiI learning because the practice of EEG neurofeedback 3 
requires attention to some important technical aspects as described below and in T able QN  4 
The number of sessions is the first technical aspectL which is usually between RP and SPL one 5 
to three times per weekL but the ideal number and the optimum interMsession duration have not 6 
been defined yet [TR]N It should be noted that efficacy with regards to the inattention 7 
dimension in ADHD is proportional to the number of neurofeedback sessions [QV] and 8 
seemed to be maintained over time [TS]N  9 
Second is the choice of the threshold of rewardL which is essentialN Adjusting a threshold Hand 10 
a given occupation timeI determines the number of positive reinforcements required to 11 
strengthen the subject in a type of neurocognitive strategyN The threshold may be set 12 
automatically or manuallyN When the threshold is determined automatically there is a 13 
continuous updating of a threshold in order to give positive reinforcement to the subject for a 14 
given percentage of occupation time below or above the thresholdN The threshold is 15 
continuously calculated according to signal just beforeN When the threshold is determined 16 
manuallyL the professional determines the threshold based on a baseline recorded before the 17 
neurofeedback sessionN If the number of positive reinforcement is too high or too low during 18 
the sessionL the professional can adjust the thresholdN The manual threshold seems to lead to 19 
better learning [QL TR]N IndeedL if the subject is being asked to increase the amplitude of a 20 
given brain activity and the threshold is calculated automaticallyL he will always be getting a 21 
percentage of feedback even if the amplitudes are decreased across timeN HoweverL the 22 
manual threshold requires performing a baseline measurement before each session and the 23 
adjustment during the session by the professional complicates the standardization of 24 
neurofeedback protocolN  25 
Third is the type of positive reinforcementN This can be visual or auditoryL proportioned 26 
HgraduatedI or binary Hpresent or absentIL immediate or delayedL simple or complexL and 27 
frequent or rareN V isual feedbackL which is proportionateL immediate and simpleL seems to 28 
allow for better learning [TR]N The number of reinforcements must be sufficient to maintain 29 
the motivation of the subjectN HoweverL if the number of reinforcement is too high the 30 
learning process can be altered [SYL TR]N Note that positive reinforcement incorporated in an 31 
entertaining interface Hsuch as video gamesI may increase the motivation of the subject but 32 
could impair learning according to some authors [QL QT]N  33 
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Fourth is the evaluation of the training parameter during one session Hevolution of the 1 
performanceIL and the evaluation of the learning curve across the sessions Hevolution of the 2 
training parameterI that should be determined to ensure that a learning process occurs during 3 
neurofeedback treatmentN LastlyL the “transfer sessions” allow for the generalization of skills 4 
learned in daily life [QRL QTL TP]N 5 
RNS E E G neurofeedback and the vigilance system 6 
Neurophysiological targets for EEG neurofeedback in ADHD are underpinned by 7 
pathophysiological relevance related to the vigilance systemN EEG neurofeedback 8 
traditionally records a limited amount of information provided by a single electrode placed on 9 
the scalpN This information concerns the EEG power in certain spectral bandsZ the beta band 10 
HQRMRQ HzI and the theta band HTMX HzI [TTL TU]N In a simple mannerL an increase in the central 11 
frontal beta band can be related to an increase in vigilance [TV]L and an increase in central 12 
frontal theta band is related to a decrease in vigilance with subjective diurnal sleepiness and 13 
possibly entering the first stage of sleep [TUL TW]N InterestinglyL an increase in theta power and 14 
a decrease in beta power were observed in a subgroup of ADHD patients Hgreater thetaObeta 15 
HTBRI ratioI [TX]N These EEG patterns suggest a link between the vigilance systemL sleep 16 
problems and ADHD Hparticularly in the subgroup with the greater TBR ratioI [TY]N As a 17 
resultL decreasing TBR can be a potentially interesting target for EEG neurofeedback [UPMUR]N 18 
IndeedL it was shown that TBR neurofeedback is more effective in the subgroup of patients 19 
with the greater TBR ratio [US]N 20 
Several studies have also demonstrated that sensoriMmotor rhythm neurofeedback HSMRIL a 21 
frequency that overlaps with to the TBR protocolL results in increased sleep spindle density 22 
during sleep [UTL UU]L decreased sleep latency [UT] and increased total sleep time [UTL UV]N 23 
More specificallyL it was recently demonstrated that SMR neurofeedback in ADHD resulted 24 
in reduced inattentionL hyperactivity and impulsivityL and these effects were mediated by 25 
reduced sleep onset latency [UP]L further demonstrating a causal link between delayed sleep 26 
onset latency and ADHD symptomsL specifically inattentionN The TBR neurofeedback 27 
overlaps with the SMR protocolL with clinical effects on ADHD indistinguishable from SMR 28 
neurofeedbackN HoweverL the effect of TBR neurofeedback was not be mediated via sleep 29 
onset latency normalization [UP]N The effect of TBR neurofeedback could be mediated via a 30 
reduction in diurnal sleepiness [TY]L but further research is needed to investigate the exact 31 
working mechanism of TBR neurofeedback in ADHD [QT]N 32 
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RNT E E G neurofeedback and new target methods 1 
The major limitation of “traditional” neurofeedback resides in the limited information 2 
provided by a single electrode placed on the scalpL which is a differentially measured 3 
potential with respect to a reference electrodeN It is known that the EEG signal reflects mainly 4 
the superposition of the electric potential created by ionic charge oscillation Hdue to 5 
postsynaptic potentialsI around the pyramidal cells found in the neocortex [UW]N The potential 6 
generated from a large population of neurons beneath the electrode are superimposed to create 7 
the measurable EEGN Put differentlyL the response of the electrode is highly spatially 8 
unspecificN It has been suggested that this lack of spatial specificity may impede the ability of 9 
subjects to acquire control over the region of interest HROIIL iNeNL the brain structures to be 10 
trained [UX]N Another limitation of traditional neurofeedback is the filtering resulting from the 11 
choice of the reference electrode placement; depending on the position of the active and 12 
reference electrode on the scalpL the measurement is sensitive to current flowing in the ROI 13 
along one direction onlyN ThereforeL a considerable improvement in the neurofeedback 14 
technique can be obtained considering spatialMspecific brain activityL solving implicitly the 15 
issue of the chosen referenceN Two possible improvements in this sense have been proposedL 16 
namelyL basing the neurofeedback not on the signal captured by the two scalp electrodes but 17 
on EEG inverse solutions or on EEG blind source separationN Both methods require the use of 18 
multiple electrodes Ha minimum of eightI; it is indeed the spatial information contained in 19 
such a multivariate EEG recording that allow for better estimates of the ROI’s currentN 20 
RNTNQ E E G neurofeedback based on inverse solutions 21 
An EEG inverse solution is a mathematical method used to estimate the intracranial current 22 
generated in the observed scalp potentialN Once the current is estimated in the ROIL its density 23 
HenergyI provides an appropriate feedback signalN By acquiring data from QY electrodesL 24 
CongedoL Lubar and Joffe HRPPTI demonstrated learned control of the cognitive division of 25 
the anterior cingulate cortex using the inverse solution known as low resolution 26 
electromagnetic tomography HLORETAI [UYL VP]N Subsequent studies confirmed the viability 27 
and further explored the correlates of LORETAMneurofeedback of the anterior cingulate 28 
cortex [VQL VR]N This preliminary work was replicated and reiterated later by several other 29 
research groups using other inverse solutions in proofMofMconcept studies [VSL VT]N 30 
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RNTNR E E G neurofeedback based on BSSOICA 1 
Over the past RP yearsL research on blind source separation HBSSI has developed into a 2 
burgeoning signal processing method with applications across a wide variety of fieldsN It has 3 
since been proven valuable in identifying cortical sources of brain activity associated with 4 
cognitive task performance [VU]N Such a spatial filtering technique may provide an ideal way 5 
to train specific brain regions or networks in a neurofeedback settingN In factL a blind source 6 
separation filter can estimate both the location and the direction of currentL thus yielding a 7 
sharper filter compared to an inverse solution [VV]N Further advantages of such spatial filters 8 
are that they are computationally inexpensive Himportant for ‘realMtime’ feedbackI and 9 
potentially more robust in the presence of artefactsN The viability of BSS neurofeedback has 10 
been explored in two studies; the first aimed to suppress excessive theta in deep frontal 11 
medial regions for the treatment of obsessiveMcompulsive disorder [VW]L the second aimed to 12 
enhance theta activity on a source localized into deep medialMtemporal regions associated 13 
with spatialMnavigation abilities [VX]N 14 
RNTNS E E G neurofeedback based on stereotactic E E G 15 
As early as the QYVPsL the important work by Fetz HQYVYI on primates showed the operant 16 
conditioning of single cell spike trains in the motor cortex [VY]N The motor cortex is probably 17 
the most obvious place to search for cortical signals directly associated with volitional 18 
movement [WP]N This may be one of the reasons why a substantial part of invasive 19 
neurofeedback research has been conducted on paralyzed or lockMin patientsL recognizing the 20 
need of people with disabilities and aiming to restore their communicative or motor functionsN 21 
In this contextL brainMcomputer interfaces HBCIsI were tested in amyotrophic lateral sclerosisL 22 
brain stem stroke and spinal cord lesions using cortical neuronal activity recorded by 23 
implanted electrodes [WQ]N NeverthelessL conscious control has also been shown to be possible 24 
at the cellular level in human temporal lobe structures [WR]N The successful cases in these 25 
applications encouraged the usage of invasive neurofeedback for other neurological and 26 
neuropsychiatric conditionsN Such a technique has been called BrainTV  [WS]N The technique 27 
enables to combine the spatial resolution of fMRI neurofeedback and the temporal resolution 28 
of scalpMlevel EEG neurofeedback [WT]N ThusL despite the invasive nature of BrainTV L these 29 
protocols could be a response to some limitations of neurofeedback protocols in the futureN 30 
In this contextL neurofeedback can indeed be performed in patients with drug resistant 31 
epilepsy undergoing longMterm monitoringL where depth electrodes are implanted for clinical 32 
diagnosticsN The effects of selfMinduced intracortical oscillatory activity HTMX HzI were studied 33 
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in several neurosurgical patientsN It was found that subjects learned to robustly and 1 
specifically induce oscillations in the target frequencyL confirmed by increased oscillatory 2 
event density [WU]N As controls improved during learningL induced oscillatory activity at the 3 
target electrode became functionally decoupled from distant sitesL which predicted the 4 
individual sessionMtoMsession performance variabilityN FurthermoreL in another study [WU]L 5 
patients were trained to upMregulate the relative proportion of the gamma rhythm at different 6 
frontoMtemporal cortical locationsN In line with previous findingsL on monkeys using direct 7 
cortical recordings [WV]L it was found that most subjects learned to specifically increase local 8 
cortical gamma powerN These findings suggest that the effects of voluntary control of 9 
intracortical oscillations can be exploited to specifically target plasticity processes to 10 
reconfigure network activityL with a particular relevance for memory function or skill 11 
acquisition [WW]N In particularL abnormalities in gamma oscillations exist in a number of 12 
neurologic and psychiatric diseases [WX]N ThusL the specific rectification of gamma 13 
oscillations could ameliorate some of the deficits caused by these pathological conditions 14 
[WW]N 15 
S Functional magnetic resonance imaging and neurofeedback 16 
RealMtime functional magnetic resonance imaging neurofeedback HfMRI neurofeedbackI is a 17 
rather recent development for providing neurofeedback training based on blood oxygenation 18 
contrasts HbloodMoxygen level dependentL BOLDI [WY]N fMRI neurofeedback training can 19 
overcome some limitations of more traditional forms of neurofeedbackL such as EEGM20 
neurofeedbackL because of its better spatial resolution and whole brain coverageN In particularL 21 
the whole brain coverage makes fMRI neurofeedback a promising technique for nonMinvasive 22 
psychiatric rehabilitation because it allows to train patients in selfMregulating subcortical brain 23 
areas [XP]N Depending on the disease model of interestL patients can be either trained to 24 
increase or decrease the activity of relevant brain areas [QP]N 25 
SNQ Level of E vidence 26 
Due to the novelty of the techniqueL studies that have so far provided evidence for the clinical 27 
use of fMRI neurofeedback are limitedN This section will focus on recent developments in the 28 
field and on clinical and translational applicationsN A  more comprehensive review on relevant 29 
designs and training paradigms can be found elsewhere [QP]N  30 
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SNQNQ Major Depressive DisorderL the emblematic disorder 1 
The psychiatric disorder most studied in the context of fMRI neurofeedback is major 2 
depressive disorderN The use of fMRI neurofeedback in treating depression is based on the 3 
pathophysiological model of emotional dysfunction during a depressive episode [XQL XR]N 4 
ThereforeL published studies have so far mainly focused on the upMregulation of brain areas or 5 
even on specific structures that are involved in emotionsL including parts of the limbic system 6 
HeNgNL the amygdalaI and the ventral prefrontal cortex [XS]N To dateL no randomized control 7 
trials HRCTsI have been publishedL and the current literature consists exclusively of open label 8 
and pilot studies [XTMXV]N These studies have demonstrated the feasibility of the technique and 9 
suggested that patients are able to selfMregulate their brain activity in target areasN In one study 10 
[XV]L improvements in mood were only found in the group that received fMRI neurofeedback 11 
training but not in a control groupL suggesting a link between neurofeedback successL positive 12 
emotions Has accessed by selfMreports in autobiographic memory recall and happiness ratingsI 13 
and clinical improvement HeNgNL HDRSMQWIN To rule out unspecific effects HeNgNL regression to 14 
the meanI of these pilot findingsL RCTs are needed that are based on larger samples and 15 
appropriate clinical control conditionsL including randomization and blinded assessmentsN 16 
Two ongoing HY oungL clinicaltrialsNgovZ  NCTPRWPYQVQ; Moll et alNL NCTPQYRPTYPIL one 17 
completed single blind HLinden et alNL NCTPQUTTRPUIL and one completed double blind 18 
HY oung et alNL NCTPRPWYVQPI RCT are currently listedN  19 
SNQNR Other psychiatric disorders 20 
For other psychiatric conditionsL such as schizophreniaL addictionL obsessive compulsive 21 
disorder and eating disorderL the feasibility of fMRI neurofeedback training has been 22 
investigated in pilot studies with small sample sizes Hfor review [QP]IN These studies used 23 
different target areas including the insula in schizophrenia and in psychopathic personality 24 
disorder and the anterior cingulate cortex to reduce craving in nicotine addictionN  25 
N The Collaborative Research Project BRAINTRAIN is a European consortium that focuses 26 
on the improvement and translation of realMtime fMRI neurofeedback protocols for clinical 27 
applications HbraintrainprojectNeuIN Current registered RCTs investigate therapeutic effects of 28 
fMRI neurofeedback in alcohol addiction HLinden et alNL NCTPRTXVYPPIL Anxiety in 29 
adolescents HCohenMK adosh et alNL NCTPRTTPTUQI and autism spectrum disorder HCasteloM30 
Branco et alNL NCTPRTTPTUQIN FinallyL an independent RCT is focusing on training the 31 
functional connectivity between rewardM and impulseMrelated brain areas in eating disorders 32 
HHallschmid et alNL NCTPRQTXWWPIN  33 
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SNR Advantages and pitfalls of fMRI neurofeedback  1 
The gold standard for evaluating a therapeutic technique requires assessing its efficacy in a 2 
doubleMblind randomized and placeboMcontrolled trialN HoweverL some of these requirements 3 
can pose a challenge for the evaluation of fMRI neurofeedback trainingN FirstL implementing a 4 
doubleMblind design can be limited because most current training protocols require Hat least in 5 
the early learning phaseI that patients engage in specific conscious processes through explicit 6 
mental strategiesN  7 
SecondL designing an appropriate placeboMcontrolled condition for neurofeedback protocols 8 
requires careful consideration depending on the study typeN Three main types of controls have 9 
been proposed and tested so farZ  10 
 Transfer runsL during which patients are instructed to engage in the same cognitive 11 
strategies in or outside the scanner but without being provided with neurofeedbackN  12 
 “Sham” neurofeedbackL which entails either random or yoked feedback based on some 13 
other patient’s brain activityN HoweverL sham feedback bears the risk that patients 14 
notice the nonMcontingency of the feedback [QP]N  15 
 An active control group that receives veridical feedback from target areas of another 16 
functional system that is neither involved in the pathophysiology of the respective 17 
condition nor in the task HiNeNL cognitive strategyI of interestN HoweverL a recent study 18 
has demonstrated that neurofeedback training itself involves various brain regions 19 
besides the individual target areasL including structures of reward circuitry Hbasal 20 
gangliaL striatumI and parts of the prefrontal cortex [XW]N FurtherL such a control group 21 
cannot control for potential unspecific effects due to the highMtech laboratory settingN 22 
Including a third treatment as a usual control group that receives standard therapy 23 
could address this problem at the expense of increased trial costsN  24 
ThirdL it remains to be tested how to optimize neurofeedback protocols for psychiatric 25 
conditionsN This includesZ  26 
 Defining effective target areas or the networks for a particular psychiatric condition 27 
based on a pathophysiological modelN Target areas can either be chosen a priori based 28 
on anatomical landmarksL or they can be functionally defined using a soMcalled 29 
“localizer” task HeNgNL presenting emotionally valenced visual stimuli in a 30 
neurofeedback protocol for depression [XV]IN SimilarlyL target areas for functional 31 
connectivityMbased neurofeedback are determined by the correlation of activity among 32 
brain areas that belong to a network of interestN  33 
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 Determining efficient study designs with regard to the duration and number of 1 
sessions to exploit regarding the learning capacities of patients who have cognitive 2 
impairments HeNgNL attention and memory deficitsIN  3 
 The nature of task instructions for patientsL either given explicit strategies at hand 4 
HeNgNL imaging positive autobiographical memoriesI or task instructions that rather 5 
focus on the goal to achieve a certain target level in the feedback while patients learn 6 
implicitly the effect of various strategies [XX]N 7 
 The design of the interfaceL such as the modality of feedback HeNgNL visualL auditory or 8 
tactileIL the mode of feedback presentation HeNgNL continuous or intermittentI and the 9 
complexity of the presented feedback HeNgNL for visual feedbackL a thermometer display 10 
or more complex scenes based on virtual realityI  11 
SNS fMRI neurofeedback and new target method 12 
As previously describedL different strategies exist to optimally define a target areaL also called 13 
regionHsI of interest HROII [QP]N This ROI can be localized using structural information but 14 
can also be functionally definedN In the latterL the patient is asked to perform a specific task in 15 
the scanner and task responsive areas can be used as the ROI to provide realMtime fMRI 16 
neurofeedbackN 17 
For fMRI neurofeedback with a therapeutic purposeL both methods rely on our a priori 18 
knowledge of the underlying neural mechanisms of the disorderOsymptom we want to relieveN 19 
Such strategies appear very relevant for disorders with persistent Hor tonicI symptomsL iNeNL 20 
symptoms that do not change much over time HeNgNL depressive moodI but pose special 21 
challenges for more acute symptomsL characterized by intrusiveness and phasic activity HeNgNL 22 
hallucinations in schizophrenia or obsessions in obsessive compulsive disorderIN For the latter 23 
symptomsL which are associated with transitory brainMstatesL strategies using preMdefined 24 
anatomical targets appear poorly appropriateN On the contraryL training patients to selfM25 
regulate the activity of brain regions that reMactivate during the occurrence of subjective 26 
symptoms could be an interesting alternativeN 27 
To address this issueL a first method could be to induce symptoms while scanning to localize 28 
functional activations associated with the targeted subjective experience that can then be used 29 
as the ROI for fMRI neurofeedbackN HoweverL in some cases Hsuch as hallucinations [XY]IL 30 
symptom provocation may not be possibleL and another method to detect the onset of 31 
symptoms together with the associated brain activation patterns is neededN 32 
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MachineMlearningL and particularly the recent development for fMRI analysis of linear support 1 
vector machines HlSV MsIL offers several advantages in this contextN Such techniques classify 2 
functional or anatomical patterns using a multivariate strategy and thus allow for decoding 3 
and capturing the fineMgrained spatial pattern of BOLD activity to predict future mental statesL 4 
such as perception or free choices [YP]N In the same wayL it is now possible to develop 5 
classifiers able to quickly detect the emergence of subjective symptoms by detecting specific 6 
patterns of brain activity identified during symptomatic periods [YQL YR]N Such fineMgrained 7 
activity patterns can be used as the signal that is fed back to the patient during neurofeedback 8 
protocolsN HoweverL to be eligible for this strategyL the patient’s symptoms must exhibit some 9 
specific featuresL such as frequent occurrence HiNeNL the symptom must occur several times 10 
during the fMRI sessionI [YS]N  11 
Combining lSV M Hor other advanced machine learning classifiersI and fMRI neurofeedback 12 
could constitute a promising way to develop fMRI neurofeedback for the treatment of phasic 13 
psychiatric symptomsN HoweverL considering the potential cost necessary to implement fMRI 14 
neurofeedbackL proofMofMconcept studies are urgently requiredN 15 
T Human learning and neurofeedback  16 
The learning process is crucial in neurofeedback and requires models to understand the 17 
mechanism of feedback learning [YT]N A  good practice guide is also of critical importance for 18 
the evaluation of these interventions and to reach higher standards in clinical practice [Y]N 19 
Learning during neurofeedback can be either explicit or implicit [YT]N In the explicit learning 20 
processL the user observes a feedback signalL which is a direct correlate of the neurosignal to 21 
be regulatedN In the implicit learning processL the signal is not explicitly presented to the 22 
subject but instead changes some detailHsI of the experimental conditionsN For exampleL a 23 
person using a videogame whose content HeNgNL changing levels of difficulty or access to 24 
bonus itemsI evolves depending upon his frontal alpha rhythm is receiving implicit feedback; 25 
heOshe does not know directly that his brainwaves have changedL but heOshe experiences 26 
indirect effects of this physiological changeN  27 
TNQ Theory of human learning  28 
From the perspective of the experimenterL operant conditioning has historically been the 29 
dominant interpretation of neurofeedback mechanisms; in this case the feedback is modeled 30 
as an implicit infraMcognitive reinforcement learning HRLI signal [Q]N Such an approach is 31 
indeed supported by animal studiesZ for exampleL prefrontal cortical neurons can be controlled 32 
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by rhesus monkeys through an operant conditioning paradigm [YU]N The problem lies with the 1 
definition of the rewardZ the interpretation of the biosignal depends upon the motivational 2 
state of the subjectN FurthermoreL RL has two possible mechanisms [YV]Z  3 
 either the subject is in a goalMdirected setup and supports his learning from an internal 4 
modelL in which case learning is termed as modelMbased RL;  5 
 or the subject has no model of the outside events and learning arises from simple 6 
associationsL termed as modelMfree RLN  7 
The two issues associated with operant conditioning are therefore to determine the reward 8 
mechanisms and the type of RLN 9 
From the perspective of the subjectL neurofeedback relies on two specific biofeedback skills 10 
[YW]Z  11 
 discriminationL which is the aptitude to achieve an inner perception of the biological 12 
variableL  13 
 and selfMmaintenanceL which is the ability to affect the biological variable and to 14 
effectively change it in the intended directionN  15 
The acquisition of these skills could be either explicit or implicitL depending on the type of 16 
neurofeedbackN 17 
During an implicit neurofeedback procedureL learning is more likely to follow a modelMfree 18 
RL mechanismN The subject scans the different percepts available to himOher at a given timeN 19 
Several levels of salience filters attribute weights to both external and internal percepts based 20 
on their physicalL temporalL motivationalL and emotional properties [YX]N The resulting neural 21 
representations then go through a competitive selection process to determine which 22 
information enters working memory HWMIN This filtering layer is referred to as bottomMup 23 
attention and willL for exampleL allow a loudL unexpected sound to enter almost anyone’s WM 24 
Hin addition to triggering subcortical responsesIN  25 
During an explicit neurofeedback procedureL a modelMbased RL is triggeredZ the subject seeks 26 
to reach a goal Hregulating the feedback signalIN TopMdown signals may therefore alter the 27 
bottomMup selection process by modifying the behavior of salience filters HeNgNL emotional 28 
regulationI or by enhancing or inhibiting a neural representation that has already entered WM 29 
and has gained or lost salience through highMlevel processing Hvoluntary attention and percept 30 
inhibitionL respectivelyIN The subjects will then manipulate their different neural 31 
representations to determine if a correlation between the feedback and the neural 32 
representation can be established with the feedbackL which is a typical setMshifting taskN SetM
 18
shifting indeed refers to the ability to switch between different highMlevel neural 1 
representations of a percept on the basis of a feedback [YY]N Sustained attention is another topM2 
down component of attention and refers to the ability to maintain neural representations in 3 
WM over time [QPP]L which is necessary for longMlasting neurofeedback sessionsN  4 
The interaction between these topMdown and bottomMup processes lead to the dualMprocess 5 
theory for neurofeedback mechanisms [QPQ] HF igure RIL a theory that categorizes the 6 
cognitive functions supporting neurofeedback into two main types of processingZ  7 
 more automatic and capacityMfree processes  8 
 vsN more controlled and capacityMlimited processesN  9 
These two processes lead to opposing perspectives on proper feedback designsZ  10 
 one based on bottomMup operant conditioning strategies [QPR];  11 
 and another based on a topMdown cognitive paradigm where higher cognitive functions 12 
percolate down from largeMscale oscillations to smallMscale and singleMneuronal 13 
activities [WW]N 14 
Recent models of explicit neurofeedback learning are based on a topMdown skill learning 15 
paradigm [TR]N Skill learning is a paradigm that describes the mechanisms involved in the 16 
acquisition of complex perceptualL cognitiveL or motor skillsN One can identify two significant 17 
properties of a motor action [QPS]Z  18 
 its performanceL iNeNL the quality of the subject’s own movement Hhow to do the 19 
actionI;  20 
 and its resultL iNeNL the success or failure of the action Hwhat shall be performedIN  21 
The subject can learn about these two properties either by himself or with external helpN 22 
When the subject has direct access to these two observablesL it is termed “intrinsic feedbackN” 23 
When the information comes from an external source Hfor exampleL a sports coach or a 24 
deviceIL it is termed “external feedbackN” Extrinsic feedback helps to accelerate and facilitate 25 
the learning process [QPT]L especially when it is not redundant with internal feedbackN It has 26 
informational functions and motivational properties with important influences on learning 27 
[QPU]N Successful feedback learning is an adaptation of internal feedback in a way that 28 
incorporates the external feedback [QPV]N Neurofeedback provides scaffolding for the subjectL 29 
helping himOher to acquire or improve taskMrelated discrimination and selfMmaintenance skillsN 30 
A possible resolution of the apparent contradiction between topMdown and bottomMup models 31 
would be to postulate the existence of interactions between these two types of processingN 32 
ModelMfree RL and modelMbased RL form two cooperative systems with modelMfree RL 33 
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driving online behavior and modelMbased RL working offline in the background to 1 
continuously adjust modelMfree RLN Once the subject becomes proficient with the taskL modelM2 
free RL progressively dominates with timeN As a consequenceL early explicit neurofeedback 3 
learning can become implicit with timeL and there is a continuum between the two learning 4 
mechanisms [Q]N 5 
TNR Human learning and Brain Computer Interface 6 
A brainMcomputer interface HBCII can be defined as a system that translates the brain activity 7 
patterns of a user into messages or commands for an interactive applicationL this activity 8 
being measured and processed by the system [QPW]N With a BCIL the userGs brain activity is 9 
usually measured via EEG and processed by the systemN For instanceL a BCI can enable a user 10 
to move a cursor to the left or to the right of a computer screen by imagining left or right hand 11 
movementsL respectivelyN Because they make computer control possible without any physical 12 
activityL EEGMbased BCIs have revolutionized many applications areasL notably enabling 13 
severely motorMimpaired users to control assistive technologiesL eNgNL to control text input 14 
systems or wheelchairsL as a rehabilitation device for stroke patientsL or as new gaming input 15 
deviceL for example [QPXMQQP]N 16 
Such BCIMbased systems are used for communication and control applications in which the 17 
user voluntarily sends mental commands to the applicationN These types of BCIs are known 18 
either as active BCI Hor explicitIL when the user performs mental tasks HeNgNL imagining 19 
movementIL or as reactive BCIL when the users have to attend to stimuli HeNgNL flickering visual 20 
imagesI [QQQL QQR]N There is yet another category of BCIZ passive BCI Hor implicitIL for which 21 
the mental state of the user is passively estimatedL without any voluntary mental command 22 
from the userL to adapt the application in realMtime to this mental state [QQQL QQR]N 23 
BCIsL similarly to neurofeedbackL thus rely on a closed loop that exploits brain activity in real 24 
timeL specifically by acquiring EEG signalsL preprocessing them HfilteringIL extracting 25 
relevant features describing the user’s state or intent and translating them into feedback to 26 
close the loopN A lthough both BCIs and neurofeedback share similar technological toolsL their 27 
original purposes were very differentZ BCIs enable users to control an external objectL such as 28 
a computer or an orthosisL whereas neurofeedback enables their users to acquire control of 29 
themselvesN A lthough some BCIsL eNgNL BCIs based on mental imagery tasksL involve a 30 
learning processL and thus require the user to perform selfMregulationL selfMregulation is not the 31 
final objective [QQS]N As suchL it can be said that neurofeedback is used to train users to learn 32 
how to control a BCIN 33 
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It should be noted though that the boundaries between BCI and neurofeedback remain blurry 1 
and are a subject of debate Hsee [QQT] for more detailed discussionsIN For instanceL recentlyL 2 
active BCI systems that can detect imagined movements of the hands have been used to 3 
perform stroke rehabilitation by guiding users to selfMregulate their brain activity in motor 4 
brain areas damaged by stroke [QQU]L similar to neurofeedbackN Passive BCIs can also be used 5 
to give feedback to a user regarding his own highMlevel mental statesL such as mental stress or 6 
attentionL to implicitly help himOher to selfMregulate those states [QQU]L againL similar to 7 
neurofeedbackN 8 
In these examples aboveL there are nonetheless differences between BCIs and neurofeedbackN 9 
IndeedL contrary to classical neurofeedback approachesL BCIs usually heavily rely on machine 10 
learning tools to estimate some specific mental states [QQV]N BCIs typically use a set of 11 
example of EEG data that are recorded while the target user is in the mental state to be 12 
detectedN Such data are used to calibrate a classifier to recognize this mental state using 13 
machine learningN Most neurofeedback approaches do not use a dataMdriven approach or 14 
machine learning to provide feedback to the userN NeverthelessL there is no fundamental 15 
constraint preventing neurofeedback from using machine learning as BCIs doL and future 16 
neurofeedback approaches could benefit from machine learning algorithms initially developed 17 
for BCI to provide more specific and robust feedbackN 18 
OverallL BCIs Hboth activeOexplicit and passiveOimplicitI and neurofeedback are clearly related 19 
approaches and technologiesN A lthough they are primarily studied separatelyL they could both 20 
benefit from one anotherL notably in terms of EEG signal processingL feedback design and 21 
user trainingN In the futureL it is not unlikely that BCI and neurofeedback share similar 22 
research pathsN 23 
U Conclusion 24 
This review highlights the growing body of evidence for use of neurofeedback in the field of 25 
psychiatryN Neurofeedback remains a very promising technique thanks to the progress of iI 26 
the techniques used Hsuch as multivariate EEG recording for a better ROI localizationL or 27 
coupled EEGMfMRI neurofeedback protocolsIL iiI signal processing Hsuch as EEGMlow 28 
resolution electromagnetic tomography or linear support vector machines in fMRI for phasic 29 
psychiatric disordersIL and iiiI understanding of the learning skills Hboth modelMfree and 30 
modelMbased reinforcement learningIN  31 
ThusL neurofeedback is a today’s technique that is largely inspired by the original works of 32 
Durup and FessardN HoweverL it remains to be clarified whether the therapeutic effect of 33 
 21
neurofeedback is clinically meaningful and how to optimally perform neurofeedback in a 1 
clinical settingN The respective place of neurofeedback techniques in the clinical 2 
armamentarium has to be definedN The field of neurofeedback involves psychiatristsL 3 
neurophysiologists and researchers in the field of brainMcomputerMinterfacesN Future studies 4 
should determine the criteria for optimizing neurofeedback sessionsN A  better understanding 5 
of the learning processes underpinning neurofeedback could be a key element to develop the 6 
use of this technique in clinical practiceN 7 
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Figure Q 1 
Principle of neurofeedback  2 
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Figure R 1 
Dual process theory of neurofeedbackN BottomMup operant conditioning and topMdown skill 2 
learning processes improve selfMmaintenance and discrimination skillsN Implicit feedbacks 3 
interact mostly with the bottomMup systemL whereas explicit feedbacks first interact with the 4 
topMdown systemL before becoming progressively integrated as the subject becomes 5 
independent from the feedbackL which becomes then mostly a bottomMup reinforcement 6 
signalL migrating towards the operant conditioning mechanismN 7 
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T able Q 1 
Principles and technical aspects of learning during neurofeedback 2 
 3 
Aim of the learning during neurofeedback 
Learnability The parameters of interest can be regulated by the learner 
Perceptibility The parameter of interest can be perceived by the learner without 
exceeding hisOher perception capabilities 
Mastery The learner gains progressively control over the sessions 
Motivation  The learner should be preserved from boredom and not experience 
disengagement from the task 
Autonomy  The learner achieves progressive independence from the feedback 
and can selfMregulate the brain signal of interest without feedback 
T echnical aspects related to the learning  
Quality of signal 
recording 
Quality of the signalMtoMnoise ratio O Method to avoid artefact 
Signal processing Signal processing method to compute the parameter of interest 
Occupation time Time above or below a threshold until a reward is given 
Threshold  Automatically adapted or manually 
Number of positive 
reinforcements 
Number of positive reinforcements above or below a certain 
number until the threshold is modified 
Perceptual modality of 
feedback 
Type of cue used to provide feedback HeNgN visualL auditory or 
tactileI 
Mode of feedback 
presentation  
 Continuous or intermittent 
Complexity of the 
feedback 
eNgNL for visual feedbackL a thermometer display or more complex 
scenes based on virtual reality 
Number of sessions Number of session to obtain a learning  
Duration of a session Duration of a session and number of block per session 
Inter session duration  Duration between two sessions 
Training curve Evaluation of the training parameter during the session 
Learning curve Evolution of the training across the sessions 
Role of the professional Task instructions and motivation given to the subject beforeL 
during and after the session 
Transfer sessions  Generalization of learned skills to activities of daily living iNeN in 
an ecologically relevant setting 
 4 
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